Dispersion compensation is vital for the generation of ultrashort and single cycle pulses from modelocked lasers across the electromagnetic spectrum. It is typically based on addition of an extra dispersive element to the laser cavity that introduces a chromatic dispersion opposite to that of the gain medium. To date, however, no dispersion compensation schemes have been successfully applied to terahertz (THz) quantum cascade lasers for short and stable pulse generation in the THz range. In this work, a monolithic on-chip compensation scheme is realized for a modelocked QCL, permitting THz pulses to be considerably shortened from 16ps to 4ps. This is based on the realization of a small coupled cavity resonator that acts as an 'off resonance' Gires-Tournois interferometer (GTI), permitting large THz spectral bandwidths to be compensated. This novel application of a GTI opens up a direct and simple route to subpicosecond and single cycle pulses in the THz range from a compact semiconductor source.
Introduction
In the terahertz (THz) frequency range (~ 0.5 -5 THz), [1] with its proven applications in imaging, [2, 3] metrology, [4, 5] and non-destructive testing, [6, 7] a semiconductor based technology platform for intense and ultrashort pulse generation has yet to be realized. This is in contrast to the optical and near-infrared (NIR) domain where ultrashort pulse generation can be readily achieved in devices such as mode locked semiconductor diodes and vertical external cavity surface emitting lasers (VECSELS). [8] [9] [10] Although THz quantum cascade lasers (QCLs) are a foundational semiconductor laser in the THz range, to date, the generation of stable and ultrashort pulses from QCLs has proven to be difficult. These devices, first realized in 2002, [11, 12] are one of the only practical semiconductor systems that offers gain in the THz range, [13] where the 'band structure-by-design' nature of QCLs allows the frequency, and bandwidth to be entirely engineered. [14] Active mode locking, where the device is electrically modulated at its' roundtrip, has been extensively applied but the pulses generated so far have been limited to the range of 10ps to 20ps, despite several years of research effort. [15, 16] Although THz QCLs with extremely large gain bandwidths have been realized leading to impressive developments in frequency comb generation, [17, 18] this has not translated directly into the formation of stable short pulses in the THz range (In general the pulse width is inversely proportional to the spectral bandwidth). [19] To generate ultrashort pulses from a laser, the following components are required i) a gain medium within a laser cavity; ii) a modelocking mechanism such as the fast modulation of the losses or gain at the cavity round-trip and iii) dispersion compensation. The first two points have been widely investigated for THz QCLs, as well as for MIR QCLs. [20, 21] Regarding the third point, dispersion indicates that the refractive index varies with frequency and is undesirable for short pulse generation. It is often characterized by the group velocity dispersion (GVD) or equivalently the group delay dispersion (GDD). (GDD = GVD × L where L is the length of the material). [22] This parameter is critical in ultrafast lasers and indicates how a pulse broadens as it propagates within a material with an uncompensated dispersion (a non-zero GDD), and GDD becomes increasingly important for shorter pulses (corresponding to a large spectral bandwidth). In the case of the optical and NIR spectral regions, dispersion compensation in femtosecond lasers is readily accomplished with internal or external elements such as prisms, grating or chirped mirrors that introduce a GDD that is opposite to that of the laser medium. This brings the overall GDD down to zero and limits the broadening of ultrashort pulses. Although THz dispersion compensation has been considered in the case of frequency comb generation via four wave mixing, no studies have been applied to active mode locked QCLs for stable short pulse generation. [17, 18] In this paper, we resolve the THz QCL short pulse bottleneck through a novel on-chip geometry that permits the GDD of the QCL to be compensated, leading to considerably shorter pulses when the QCL is active mode locked. [15, 19] This is realized through the monolithic integration of a small resonator at one end of a 2.5 THz QCL cavity (shown schematically in figure 1(a) ), based around a Gires-Tournois Interferometer (GTI) approach [23] that adds an opposite dispersion to that of the material. By judiciously designing the length of the integrated GTI, applying the GTI 'off-resonance', and exploiting the high reflectivity of the metal-metal QCL waveguide, [12] significant compensation of the QCL's inherent GDD can be realized. This directly results in pulse durations as shorts as 4 ps, from 16 ps with a standard QCL geometry, with a continuous Gaussian spectral range extending from 2.3 to 2.9 THz. The dispersive effect of the GTI mirror is clearly demonstrated by characterizing a GTI of a length that results in zero dispersion compared with one that introduces too much dispersion. The former shows a stable ultra-short pulse train while the latter destroys the pulse formation. This is further confirmed by characterizing the free running electrical beat note that show a very narrow linewidth for correctly dispersion compensated QCL. Finally, the same approach is applied to a 3.25 THz QCL to demonstrate the generality of the technique. A 5 ps pulse duration is generated whose frequency emission ranges from 3.1 THz to 3.4 THz. As the GTI is used 'off-resonance' and not in the typical 'on-resonance' case, this relatively simple approach can be easily scaled to compensate for even greater spectral bandwidths and potentially attain sub-picosecond pulse widths. [24] Indeed THz QCLs with spectral bandwidths exceeding 500 GHz (FWHM) have been demonstrated [17] and would be adapted to ultra-short THz pulse generation.
Laser design and experimental technique
A QCL with a LO phonon depopulation scheme was used, based on a 3.1 THz QCL that has been shown to operate up to 200K. [25] The design was modified to operate at lower frequencies (~ 2.5 THz) by increasing the well and barrier widths. Starting from the injection barrier, the well and barrier widths were 4.85/10.24/2.77/9.37/4.62/18.4 nm (Al13Ga87As barriers in italic). The 18.4-wide-nm well was n-doped at a level of 6×10 16 cm -3 over the central 6 nm. The growth was performed using molecular beam epitaxy. The wafer was processed into MM waveguides using standard lithography with the ridge defined using ICP etching for a vertical ridge profile. The GTI was realized in the same processing step by etching through the active region at one end of the QCL ridge separated from the main QCL ridge by a small subwavelength (~1.5 m) air gap (see figure 1(b-c) ). For all the experiments, QCLs are maintained at a working temperature of 20 K.
The pulse characterization of the THz quantum cascade laser (QCL) is based on coherent sampling of the electric-field (E-field) using electro-optic detection. Figure 1 (d) shows a schematic of the experimental arrangement. This technique requires to phase lock the emission of the THz QCL to a THz pulse, which in turn is locked to the repetition rate of a femtosecond laser. To fulfil this requirement, an established ultrafast injection seeding technique is employed.
A broad-band THz pulse (seed) with a fixed phase is generated using a photoconductive switch excited by a femtosecond Ti: Sapphire laser. The THz seed pulse is injected into one end cavity of the QCL waveguide prior to gain switching the QCL with an electrical radio frequency (RF) pulse of 40 dBm with a duration of a few nanoseconds. This allows the THz input pulse to be amplified and eventually seed the QCL emission, instead of being initiated by the QCL's inherent spontaneous emission. To initiate the mode-locking regime, a microwave modulation of the QCL bias of 30 dBm is added close to the THz cavity round-trip frequency. The microwave modulation is generated from the photo-excitation of an ultrafast photodiode by a pick-off beam of the Ti:Sapphire laser. The generated electrical signal consists of a comb of frequencies extending to ~ 20 GHz separated by the Ti:Sapphire repetition rate (76 MHz). An yttrium iron garnet bandpass filter is used to pick out a harmonic of the reference laser repetition rate close to the QCL cavity round-trip frequency, which is then amplified by a set of microwave power amplifiers. Further details of the technique can be found in References [26] and [16] .
Dispersion compensation and GTI
When dealing with mode-locked broadband THz QCLs and short pulse generation, GDD management is challenging due to several factors. Firstly, the material GDD (i.e the index dispersion related to the material) owing to bulk GaAs is an important factor as a result of the residual absorption from the Reststrahlen band. [17, 18] Secondly, gain GDD is even greater than material GDD owing to the dispersion added by the intersubband transition and can significantly limit THz frequency comb operation. [17] Thirdly, in contrast to optical and near infrared frequencies, there is a lack of dispersion compensation schemes for THz wavelengths.
In fact, there are only a few concepts available to reduce the total GDD. Schemes that have been applied to THz QCL waveguides have used chirped waveguides to show frequency comb operation through four wave mixing. [18, 27] Although impressive results have been shown with octave spanning spectrum, no stable pulse generation has been demonstrated as the fourwave mixing process results in a frequency modulated spectrum. Flat dispersion can also be engineered into the QCL active region through a flat gain profile that permits frequency comb generation. [17] Indeed recently this technique has been shown to generate single pulses of duration 2.5ps. [28] However, importantly the pulses generated were not stable, a fundamental criteria for the application of any short pulse laser system, with pulses widening after only a single round-trip amongst the three pulses presented. (Unstable pulses as shorts as 3ps with narrower bandwidth QCLs have been generated previously [19] when a QCL is not mode locked). THz dispersion management has also been considered for passive waveguides. [29] A GTI is a compensation scheme that is used in the optical and near-infrared domain to compress pulses. [30] It has also been applied to frequency comb generation in mid-infrared QCLs. [31] A regular GTI generally consists of a small resonator realized using dielectric coatings (of length typically on the same order as the wavelength of the laser in the material)
operating in reflection where, in the ideal case, the front mirror is of low reflectivity (r1 2 ~ 0.1) while the back mirror is perfect (r2 2 = 1) (see figure 1(a) for a schematic). (Here ri corresponds to the field reflectivities). The reflectivity is unity over the entire frequency range, but the phase is strongly frequency dependent owing to the small cavity acting as a Fabry-Pérot resonator.
This gives rise to both positive and negative group GDD given by : [23] (
where =2ngl/c denotes the round trip time of the GTI where ng is the group refractive index, the speed of light in vacuum c and the length of the GTI l. By choosing the length of the resonator correctly, a compensation of the material and gain dispersion can be achieved. For example, GTIs have been operated in the negative GVD regime in order to compensate for excess positive GDD in picosecond mode-locked Ti:Sapphire lasers. [30] The GTI mirror in the optical range is normally realized using dielectric coatings with thicknesses on the order of the wavelength. However, for the THz range where the wavelength is typically 100 m, thick dielectric coatings to realize the reflectivity conditions are extremely difficult to fabricate. In this work, rather than depositing a dielectric, we use the QCL itself and the confinement of the electromagnetic mode to realize a monolithic GTI. Although the reflectivities are different from the ideal case significant dispersion compensation can still be achieved.
In detail, by etching a small air gap (~ 1.5 m) into the MM waveguide to realize a small cavity at the end of the QCL (see figure 1 (b-c) ), this results in a GTI with a contrast in the reflectivities of the front and back mirror. Using a finite-difference-time-domain method (Meep software package, see supplementary material S1), the GTI realized in this work is calculated to have a front reflectivity of r1 = 0.61 and a back mirror reflectivity of r2 = 0.83 (the latter a result of the strong confinement of the metal-metal waveguide mode) and thus different from the ideal case.
Consequently, the well-established formula for the GDD introduced by a perfect GTI needs to be generalized in order to take account of the non-unity reflection coefficient of the second mirror. The GDD is the second derivative of the spectral phase with respect to the angular frequency and the general expression for the spectral phase of a GTI with a non-unity reflection coefficient is :
Here n is taken as the refractive index of GaAs. The effect of r1 being considerably higher with respect to the ideal case results in more pronounced variations of the GDD near the resonant frequencies but with little effect off-resonance, where we operate our GTI. (Further details of the calculation and simulations are detailed in the supplementary material S1).
Figure 2(a) shows the individual GDD contributions from the GTI (with 58 m and 38 m lengths that are used in the experiments), the GaAs material, and the gain (3 mm long cavity).
(The waveguide dispersion is considerably smaller than the gain and material [17] ). The material GDD is obtained from the dispersion relation and the gain GDD is calculated from the Kramers-Kronig relation (see supplementary material). [17] The latter is modelled with a gain of 10 cm -1 with a frequency centered at 2.48 THz, full width at half maximum (FWHM) of 600
GHz. The gain GDD provides a zero-crossing at its center-frequency and clearly dominates over the positive GaAs material GDD. As depicted in figure 2(a), the GDD of the 58 m GTI is mostly negative below the center-frequency of the gain (at 2.48 THz) and positive above it, opposite to the gain GDD. In contrast, a 38 m GTI only provides negative GDD in the investigated region. An important point to note is that here the GTI is employed 'off resonance', that is between the resonance frequencies at ~ 2.25 THz and ~ 2.75 THz of the 58 m GTI. This is in contrast to the typical application of GTIs, used 'on-resonance' that is inherently spectrally narrowband. [30] By applying the GTI off-resonance, a much large spectral bandwidth can be compensated. Indeed, shorter GTI off-resonance cavities have the potential of compensating bandwidths greater that 1THz (see supplement information S1). Finally, figure 2(b) shows the gain and the material GDD compared to the total GDD (sum of material, gain and GTI GDD) with the GTI QCLs. Remarkably, the total GDD is approximately flat in the region from 2.4 to 2.7 THz for the 58 m GTI around zero GDD, while it is entirely negative for the 38 m GTI.
To summarize, a GTI with non-ideal reflectivities can be realized using the QCL material itself.
By designing the correct length of the GTI (58 m for emission around 2.5 THz), the GTI can be used to compensate the dispersion induced by the gain profile and the material, and hence realize short pulses when mode locked. A broad bandwidth of the GDD compensation is achieved by exploiting the both the positive and the negative GDD regime of the 'off-resonance' GTI, thus compensating positive and negative gain GDD simultaneously.
Results
In this study, QCLs with a center lasing frequency designed to be ~ 2. Prior to mode locking, the free running (i.e. no active modulation) spectra were taken in the injection seeding regime. A quasi-DC bias of 0.62 kA.cm -2 and 0.6 kA.cm -2 are applied to the GTI and standard QCL, respectively. This is combined with the RF modulation described above. THz and 2.7 THz. The spectral bandwidth of the GTI QCL was similar. An enhanced view of the spectra is shown in figure 3(c) . As can be observed the spacing of the modes is different for each sample. The free spectral range (i.e. the separation between Fabry-Perot modes) was measured to be 13.4 GHz and 12.9 GHz for the standard and GTI QCLs, respectively. No evidence of higher order modes were observed, possibly owing to the top metal setback when compared to the ridge [28] . (The spectra are taken using the injection seeding technique that permits coherent detection of the QCL emission). [26] The microwave modulation close to the round-trip frequency is added to the injection seeding technique to actively mode lock the QCL such that short pulses are generated i.e. to fix the frequency spacing and the phase of each mode. [16] The microwave power is set to 30 dBm.
The microwave modulation frequency that resulted in the clearest pulses was 12.62 GHz and 12.88 GHz for the standard and GTI QCL samples, respectively. It is important to note that for the standard QCL, the modulation applied is considerably different to the free spectral range.
This has been observed previously and is discussed further below regarding the spectral response and the uncompensated dispersion. [19] In figure 4 , the electric field emission as a function of time of the 58 m GTI QCL (red trace (a)) and the standard QCL (black trace (b)) are compared. (The 58 m GTI is designed to provide negative and positive dispersion compensation of the THz QCL emission as shown in figure 2 ). As it can be clearly seen, after an initial amplification stage (t < 500ps), stable pulses are formed and the insertion of a dispersion compensation permits the pulse duration of the GTI QCL to be greatly reduced compared to the standard QCL. the steady state, the pulses broaden during the laser E-field built-up time (before 500 ps corresponding to six round trip times of the THz pulse). In fact, directly after the QCL is gain switched in the active mode locking regime, the pulse can be as short as 2.3 ps (9.6 ps) for the QCL with (without) GTI. This is a result of the broadband seed and the entire gain bandwidth being amplified in this transient range. [32] Once in the steady state regime, a stable pulse train is observed. The pulses duration reaches a value of ~ 4 ps for the QCL with the GTI. This is more than 4 times shorter than the stabilized pulse duration of the standard QCL (~ 16 ps). (This latter value is longer than a previous demonstration of 11 ps as the active region here is modified to operate at lower frequencies). [19] The effect of these shorter pulses can also be observed in the spectra. In figure 5 (a) and 5(b), the spectral intensity with and without the GTI, respectively, from the entire 1 ns time scan (1 GHz resolution), as well as the spectral phase dependency of the QCL emission within a single pulse (blue line) are shown. These are determined from the Fourier transform of the QCL Efield of figure 4. Even though both cases present similar spectral bandwidth to that without the active modulation (see figure 3 ), the QCL with the GTI has a considerably better distribution of the longitudinal modes and a continuous Gaussian spectrum with the emission frequency ranging from 2.3 to 2.8 THz, illustrating the effect of dispersion compensation. We also observe a shift towards higher frequencies for the GTI QCL when compared to the standard QCL. This is in agreement with the simulations of figure 2 that show a flat total GDD at frequencies blue shifted from that of the gain GDD profile. An indication of the effect of dispersion can also be deduced by analyzing the frequencies applied to achieve pulse behavior. In the case of the GTI QCL, as the dispersion is flatter, the microwave modulation needed to fix the phase and mode The spectral phase analysis of the pulses permits the role of dispersion to be further elucidated in our devices. As mentioned above in the simulations of the GDD, the second derivative of the spectral phase needs to be equal to zero over the range of laser frequencies to permit short pulse generation when active mode locked. Equivalently, the spectral phase should have a linear behavior. As we measure the time resolved electric field, the spectral phase can be easily accessed. For the standard QCL, a change in the slope of the spectral phase is observed between the different lasing bands around 2.25 THz, 2.5 THz and 2.65 THz (blue curve figure 5 (a) ).
This indicates that all the modes are not locked leading to the formation of longer pulses i.e. the active modulation by itself is not able to compensate the entire QCL bandwidth dispersion. At best, a GDD compensation can be observed between ~ 2.4 THz to ~2.55 THz. The situation is entirely different for the QCL with the GTI. The spectral phase between 2.31 THz and 2.86
THz is linear, indicating that the dispersion is almost zero and that all the modes are locked by the gigahertz modulation. This leads to the continuous spectrum where all the modes are equally spaced by the gigahertz modulation frequency (~12.8 GHz). Therefore with the correctly chosen length of the GTI, more than 0.55 THz QCL bandwidth emission is dispersion compensated for a QCL with central frequency of ~2.55 THz. The FWHM is 0.15 THz and taking a Gaussian form of the pulse, the Fourier bandwidth limited pulse width is expected to be 2.9 ps. This suggests a small mismatch between the GDD of the GTI with the gain GDD.
To further evaluate the dispersion compensation technique, we also characterized the pulse behavior of the THz QCL with 38 m GTI. This length should lead to a negative dispersion compensation within the full THz emission range of the laser (see figure 3(b) ), wiping out the short pulse behavior. In figure 6 (a), the temporal profile of the electric filed is shown for QCLs with a 38 m GTI (top part) and the 58 m GTI detailed previously (bottom part) with the active modulation. For both cases, the black curve shows the superimposed gigahertz modulation with respect to the maximum of the sine wave modulation, they encounter less amplification.
Therefore owing to the large negative GDD introduced by the 38 m GTI, rather than generating short THz pulses, it prevents the pulses to merge. Finally, to confirm the poor performance of the 38 m GTI, the free running electrical beat notes are recorded just above threshold, where the active mode locking technique is applied (~ 0.7 kA/cm2). [19] The beat note signature of the QCL with a 58 m GTI (Figure 6(b) ) is 10 times narrower than the QCL with 38 m GTI ( Figure 6(c) ), indicating a lower overall dispersion for the former.
The universality of this dispersion compensation approach can be shown by applying the concept to other frequencies with the GTI length designed accordingly. As demonstrated above, the dispersion compensation needs to operate close to the zero crossing point of the GTI GDD.
In Figure 7 , a 3.25 THz QCL, with a hybrid active region design and a 3 mm length cavity, is used to demonstrate the broad application of the technique for pulse compression. Taking the Fourier transform of figure 7(a), the corresponding FWHM of the spectrum bandwidth is found to be ~ 0.10 THz ( figure 7(d) ). As observed previously, in the mode-locking regime, the modes are exalted leading to a Gaussian intensity distribution when compared to the QCL spectrum without the gigahertz modulation ( figure 7(e) ). The Fourier bandwidth limited pulse width for 0.10 THz is expected to be 4.4 ps. Therefore, with an integrated GTI, pulses are generated close to the bandwidth-limited case.
Conclusion
Our experimental results show a dispersion compensation scheme, monolithically integrated into the THz QCL waveguide, can be successfully engineered to greatly shorten the pulse duration of THz QCLs when active mode locked. It is based on an adapted GTI concept where a small resonator possesses non-equal cavity mirror reflectivities, permitting control of the total dispersion. For an integrated GTI, the high facet reflectivity of a QCL embedded in a MM waveguide is used as the back end mirror for the THz pulse while the low reflectivity mirror is realized by etching a sub-wavelength air gap directly in the waveguide. By designing the GTI's length to compensate the QCL dispersion around its central frequency, and operating the GTI 'off-resonance', pulse durations as short as 4 ps can be formed. This technique of on-chip dispersion overcomes previous bottlenecks to realize stable short pulses from THz QCLs.
Further, as the GTI is applied 'off-resonance', it has the potential to compensate even greater bandwidths that would allow shorter pulse widths to be achievable (see supplementary material).
Such short pulses would be of interest to replace Ti:Sapphire lasers for short THz pulse generation, THz frequency comb generation [17, 18, 27] , and dual frequency comb spectroscopy where the mode spacing can be actively controlled with stable microwave generators rather than passive techniques that are currently employed. [34] [35] [36] 
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